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Metal-Organic Frameworks
One-Step Synthesis of 2,5-Bis(chloromethyl)-1,4-dioxane from
Epichlorohydrin Using ZIF-8, Taking Advantage of Structural
Defects
Bibimaryam Mousavi,[a] Zhixiong Luo,[a,b] Suphot Phatanasri,[c] Wei Su,[a] Tingting Wang,[a]
Somboon Chaemchuen,*[a] and Francis Verpoort*[a,b,d]
Abstract: We demonstrate herein the ZIF-8-only-mediated ca-
talysis of the cyclodimerization of epichlorohydrin to 2,5-
bis(chloromethyl)-1,4-dioxane in the absence of co-catalyst and
solvent. The easy handling and economic aspects of ZIF-8, in
addition to the one-step reaction to produce the cyclodimer,
make this catalyst attractive even for industry. It has been
clearly illustrated that the nature of the method used to synthe-
size ZIF-8 affected the yields of the cyclodimers. Specifically,
Introduction
Dioxane and its derivatives are valuable compounds in industry
as they can be used as solvents, wetting/dispersing agents, and
commercial starting materials in various reactions.[1–3] The syn-
thesis of cyclic dimers by different methods has been reported,
however, their direct synthesis from epoxides in high yields has
rarely been described. For example, Saegusa and co-workers
disclosed the cyclodimerization of ethylene oxide (EO) through
the use of superacids[4] in dichloromethane or nitromethane.
However, the separation of acids after the reaction was prob-
lematic. In a recent patent, the hydroxy groups of two ethylene
glycol molecules are reported to be involved in a dehydration
reaction that produces dioxane, but this is not a direct synthesis
from epoxides.[1] In yet another type of synthesis, the cationic
polymerization of epoxides may give rise to a mixture of poly-
mers and cyclic oligomers.[5,6] In some cases, the (cyclic) oli-
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the method employed to produce ZIF-8 directly influences the
amount of crystal structural defects, which in turn impacts their
performance as catalysts. To emphasize the role of defects,
other physical properties, such as surface area and particle size,
were controlled during the synthesis of the ZIF-8 catalysts. Re-
markably, the amount of structural defects was quantified by
temperature program desorption analysis.
gomers are the main products, which, due to the usefulness
of oligomers, especially cyclic oligomers, make such catalytic
systems in demand.[7] In parallel with the development of the
petrochemical industry, which produces epoxides on a large
scale, the ring-opening polymerization or oligomerization of
these epoxides has become one of the most attractive goals in
synthetic chemical industry.[8] Although several catalytic sys-
tems have been reported for the ring-opening polymerization
of epoxides, research into the synthesis of specific oligomers
and cyclic-oligomers is still scarce. Therefore, the development
of novel catalytic systems that allow the direct synthesis of
cyclic-oligomers, taking advantage of new materials, is highly
desired.
Metal–organic frameworks (MOFs)[9,10] with multiple combi-
nations of metal nodes and organic linkers have been intro-
duced as high-surface crystalline materials that have enriched
the library of advanced catalytic applications.[11,12] The tunabil-
ity of particle size, pore volume, pore aperture, topology, and
other properties of MOFs, such as the ease of functionalization
and versatility of the metal nodes and linkers, are some of their
advantages as catalysts over other materials.[13,14] There have
been several reports of the design of special MOFs for catalytic
reactions in which the main agenda was to insert active species
inside the pores or to employ post-functionalization.[15–17] Addi-
tionally, “saturated” frameworks (e.g., without any low-coordi-
nated metal species or functionalized linkers) that exhibit cata-
lytic activity through crystal defects in the MOF or on the sur-
face have been addressed. Zeolitic imidazolate frameworks
(ZIFs) are typical examples.[18,19] ZIFs are comprised of imid-
azolate linkers and a metal node, for example, Zn2+ or Co2+.[20]
Of the different ZIFs, ZIF-8 with a major pore size of 11.6 Å and
apertures of 3.4 Å restricts the entering of substrates into its
cavity and only compounds with the right kinetic diameter can
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enter. Therefore, in most of the reports, the catalytic activity of
ZIF-8 is attributed to the exterior of the crystallites where acidic
or basic active sites are located.[21–23] As a result, although
structural defects in MOFs are generally considered to be a
drawback for the parent MOFs, they may also have repercus-
sions for MOF applications. Specifically, it has previously been
reported that the catalytic activity of perfect MOFs with fault-
lessly arranged unit cells can be hampered because the metal
nodes and organic linkers are fully coordinated.[23b] There are
currently two major methods for generating defects in
MOFs.[24,25] The first one is based on the acceleration of the
crystallization rate through the addition of a strong deprotonat-
ing agent,[26] which has shown that an increase in the crystalli-
zation rate strongly affects the formation of defects. Likewise
the synthesis of MOFs by methods such as spray-drying or sol-
vothermal approaches, which offer different crystallization rates,
should also affect the formation of defects. Until now, although
many reports have described the synthesis of MOFs, little is
known about the creation of defects by changing the synthetic
method and during the crystal growth. This implies that the
synthesis of MOFs by different well-known synthetic proce-
dures, such as solvothermal or spray-drying methods, affords
varying amounts of defects. Thus, although isostructural MOFs
can be obtained by changing the synthetic method, the num-
ber of defects is different because the rate of crystal growth is
different for each synthesis method. This effect is different with
post-synthetic treatments or the use of a modulator, as dis-
cussed earlier. In line with this, in this work, ZIF-8 was
synthesized by solvothermal (SV) and spray-drying (SP)
methods. Both ZIF-8 samples were employed for the
first time in the ring-opening cyclodimerization of epichloro-
hydrin in the absence of co-catalyst and solvent. The ZIF-8 syn-
thesized by SP showed a much higher activity than the ZIF-8
obtained by SV. It was observed that the synthetic procedure
influences the crystallization rate considerably and thus the de-
fect formation. To emphasize the role of defects in the reactivity
of MOFs as catalysts, other physical properties, such as particle
size, surface area, and pore volume, were controlled and thus
were similar for the ZIF-8 samples synthesized by both meth-
ods. Moreover, the structural defects afford specific acid/base
properties, which in turn affect the catalytic activity of the MOF
strongly. The amounts of acidic and basic sites of the different
ZIF-8 catalysts were assessed by temperature program desorp-
tion (TPD). Notably, the cyclodimerization of epichlorohydrin
using a cost-effective and easy-to-handle ZIF-8 catalyst in the
absence of any co-catalyst or solvent is a completely green re-
action.
Results and Discussion
Catalyst Properties
After the synthesis of the two ZIF-8 samples, they were acti-
vated at 200 °C for 4 hours and then subjected to X-ray diffrac-
tion analysis. The patterns are shown in Figure S2-1 in the Sup-
porting Information and show that the two samples (prepared
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by SP and SV) have sodalite structures with only a slight differ-
ence in the normalized intensities. This illustrates that the ZIF-
8 materials, synthesized by two distinct methods, exhibit iso-
structural patterns. These results are in good agreement with
previous results. The FTIR spectra of the two samples (see Fig-
ure S2-2) show perfect correlation with previous reports.[27,28]
The morphological features and average crystal sizes of both
ZIF-8 samples (after activation at 200 °C for 4 h) were obtained
by scanning electron microscopy (SEM, Figure 1); the results
suggest that the morphologies and sizes of the crystals are in-
fluenced by the synthetic method. The ZIF-8 crystals obtained
by spray-drying (SP) are cubic with dimensions of 5–10 μm,
whereas the crystals synthesized by the solvothermal method
(SV) are much larger (60–100 μm) with a truncated rhombic
dodecahedral shape. A reasonable explanation would be, in the
case of the SP method, that the time for crystal growth is very
short, which results in small cubic-shaped materials, whereas a
longer time for crystallization in the SV procedure allows crystal
evolution and consequently larger-sized crystals with a trun-
cated rhombic dodecahedral shape were obtained.[29,30] Re-
cently, time-resolved in situ energy-dispersive X-ray diffraction
(EDXRD) and ex situ SEM were applied to study the solvother-
mal synthesis of ZIF-8 at different concentrations and tempera-
tures.[31] It was found that the morphology of the growing ZIF-
8 crystals elaborates over time from cubic to rhombic dodeca-
hedral, which is consistent with our findings. Subsequently, the
textural properties of the two ZIF-8 samples were measured by
N2 adsorption/desorption analysis (see Figure S2-3 and
Table S2-4). Evidently, the textural properties of both ZIF-8-SP
and ZIF-8-SV are very similar, especially the surface area, which
is often considered as an important factor for the performance
of heterogeneous catalysts.
Figure 1. SEM images of ZIF-8 crystals synthesized by the spray-drying (right)
and solvothermal (left) methods.
Regarding these results, the two ZIF-8 samples were used as
catalysts for the ring-opening cyclodimerization of epichloro-
hydrin in the absence of solvent or co-catalyst. The catalysts
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were pre-treated under vacuum at 200 °C for 4 hours prior to
the reaction. We show here that two isostructural ZIF-8 samples
(similar XRD) with similar physical properties, such as surface
area and pore volume, can still demonstrate very different cata-
lytic activities for the same reaction under the same reaction
conditions.
Catalytic Performance
Epichlorohydrin (ECH) and ZIF-8 synthesized by the spray-dry-
ing method were chosen as a model to obtain the optimum
reaction conditions. The requisite amounts of epichlorohydrin
and ZIF-8 were charged in a 15 mL Schlenk flask under an inert
gas to minimize the production of side-products. A study of the
effect of temperature indicated that the reaction requires a high
temperature; at 60 °C, the conversion was nearly zero, at a tem-
perature higher than 100 °C the conversion was augmented,
and at a temperature higher than 130 °C full conversion was
achieved (entries 1–5, Table 1). To optimize the amount of cata-
lyst, different quantities of ZIF-8 were tested. The results are
summarized in Table 1 (entries 6–8), which reveal that the high-
est yield was obtained when the ratio of substrate to ZIF-8 was
100 (wt./wt.) or less. The effect of reaction time was ascertained
by withdrawing aliquots from the reaction mixture at different
time points, which were then analyzed by 1H NMR spectroscopy
and GC. A yield of 31 % was obtained after 10 h (entry 9). Con-
tinuing the reaction for a longer time revealed that full conver-
Table 1. Optimization of the reaction conditions for the ring-opening cyclodimerization of epichlorohydrin.
Entry Catalyst Catalyst amount Substrate amount Temperature Time GC yield
[mg] [g] [°C] [h] [%]
1 ZIF-8-SP 10 5 60 24 0
2 ZIF-8-SP 10 2 90 24 Trace
3 ZIF-8-SP 10 2 130 24 49
4 ZIF-8-SP[a] 10 2 140 24 53
5 ZIF-8-SP[a] 10 2 150 24 51
6 ZIF-8-SP 10 3 140 30 16
7 ZIF-8-SP[a] 10 0.6 140 30 70
8 ZIF-8-SP[a] 10 1 140 30 69
9 ZIF-8-SP 10 1 140 10 31
10 ZIF-8-SP 10 1 140 15 47
11 ZIF-8-SP 10 1 140 18 63
12 ZIF-8-SP[a] 10 1 140 20 70
13 ZIF-8-SV 10 1 140 20 12
14 ZIF-8-SV[b] 10 1 140 20 14
15 ZIF-8-SP[b] 10 1 140 20 67
16 ZIF-8-SP[c] 10 1 140 20 19
[a] The conversion was >99 %. [b] The synthesis was performed in the presence of an additive to control the particle size. [c] After the second use.
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sion of epichlorohydrin was achieved after 20 hours (entry 12,
Figure 2). In all cases, the reaction conversion and yield were
determined by 1H NMR spectroscopy and GC. As is summarized
in Table 1, the highest yield and conversion (>99 %) were ob-
Figure 2. Conversion of epichlorohydrin to 2,5-bis(chloromethyl)-1,4-dioxane
using ZIF-8 (10 mg) at 140 °C.
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tained at 140 °C after 20 hours (Figure 3 and Figure S2-7 in the
Supporting Information) when the ratio of substrate to catalyst
(wt./wt.) was 100. The crude product was left exposed to air for
at least a week and colorless cyclic dimer crystals were formed.
GC analysis of the crude reaction mixture showed that the yield
of the cyclic dimer was as high as 70 %. The final crystals were
analyzed by 1H and 13C NMR spectroscopy (see Figure S2-7) and
GC–MS. All the data confirm the presence of crystals of the
cyclic dimer 2,5-bis(chloromethyl)-1,4-dioxane. The remaining
sticky brown liquid (after separation of the crystals) was ana-
lyzed by GC–MS and gel permeation chromatography (GPC) to
identify potential side-products. GC–MS analysis (see Figure S2-
8) revealed dioxalane derivatives were produced as side-
product but no polymer was detected by GPC. Notably, di-
oxalane and its derivatives are valuable compounds that can be
used as reactants.
Figure 3. 1H NMR spectra recorded at 500 MHz in CDCl3 of the cyclodimeriza-
tion of epichlorohydrin in the presence of ZIF-8. Bottom: 130 °C, 4 h, only
substrate; top: 140 °C, 20 h, the pure product 2,5-bis(chloromethyl)-1,4 diox-
ane.
Control experiments proved that the reaction did not occur
in the absence of ZIF-8. Moreover, the catalytic potential of the
ZIF-8 precursors Zn(NO3)·4H2O and 2-methylimidazole were
studied individually and together. The results showed that
Zn(NO3)·4H2O and 2-methylimidazole individually did not yield
any cyclic dimer and could not even open the epoxide ring.
The combination of Zn(NO3)·4H2O and 2-methylimidazole at
140 °C and resulted in full conversion after 20 hours, however,
the combination yielded only traces of the desired cyclodimer
product. GC–MS analysis confirmed that a mixture of dioxalane
derivatives was obtained, hence pointing to the strong influ-
ence of the ZIF-8 scaffold.
As mentioned earlier, there are very few reports of the direct
cyclic oligomerization of epoxides and most of the oligomers
produced by this approach were obtained as side-products dur-
ing the polymerization of epoxides. However, ZIF-8 was used in
this work as a catalyst for the direct synthesis of the cyclic dimer
2,5-bis(chloromethyl)-1,4-dioxane from epichlorohydrin with
full conversion and in high yield in a one-step reaction that
seems attractive for industrial applications. Moreover, the cata-
lyst ZIF-8 synthesized by the spray-drying method can be pre-
Eur. J. Inorg. Chem. 2017, 4947–4954 www.eurjic.org © 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim4950
pared easily in a large amount and short time. To all these valu-
able properties, the economic feasibility of ZIF-8 should also be
added.
Reaction Mechanism
The mechanism for the cyclodimerization of epichlorohydrin as
a side-product of the polymerization of epoxides has been pro-
posed by several groups[32,33] in which the key step is the for-
mation of coordination compounds by the catalyst acting as a
Lewis acid.[34] Thus, it appears that the initial step is the ring-
opening of the activated epoxide by a Lewis acid to yield an
oxonium ion. Subsequently the activated epoxide carbon reacts
with a free epoxide to propagate polymers or oligomers.[8] Ap-
parently, the principles of the mechanism for the ring-opening
dimerization of epichlorohydrin by ZIF-8, which contains Lewis
acids (ZnII),[35,36] are similar. However, to establish the mecha-
nism of the ring-opening cyclodimerization reaction and to de-
termine the active species of ZIF-8 in this reaction, further in-
vestigations were carried out.
It was mentioned earlier that the cyclodimerization of epi-
chlorohydrin did not happen in the presence of zinc nitrate or
2-methylimidazole. However, irrespective of the types of prod-
ucts, the ring-opening of epichlorohydrin did happen when
both reagents were added to the reaction mixture. This indi-
cates that in the first step zinc(II) as Lewis acid and 2-methyl-
imidazole as the basic site cooperatively might activate epi-
chlorohydrin. Additionally, it is already known that imidazole
ligands can open the ring of an epoxide by nucleophile at-
tack.[37] Therefore, the main role of the Lewis acids (ZnII) of ZIF-
8 might be the reaction with the oxygen atom of the epoxide
to form metal–OR bonds. This could result in an oxonium ion
that is then ready to react with a free epoxide molecule. Subse-
quent intramolecular nucleophilic attack of the ether oxygen at
the activated methylene carbon might result in cyclodimeric
products[34] (Figure 4).
As reported in the literature, zeolitic imidazolate frameworks
are known to exist as saturated frameworks and hence they
should not possess any uncoordinated metal sites. In addition,
the linkers are not functionalized and in principle the ZIF-8
should not exhibit any catalytic activity. However, there are an
increasing number of reports[22a,22b] on ZIFs as catalysts for dif-
ferent reactions. The catalytic activity of these ZIFs are largely
a result of the acidic and/or basic sites located at the external
surfaces of the ZIFs or at the defects.[21c] In our work, as men-
tioned previously, both the Lewis acids (ZnII) and the basic
nitrogen atoms of the imidazole ligand[21c] are active sites.
Therefore, the acidic and basic properties of the ZIF-8 catalyst
were examined through NH3 and CO2 TPD measurements. Addi-
tionally, we were interested in clarifying whether changing the
synthetic procedure affects the acidic and basic properties and
consequently the activity of ZIF-8 as a catalyst. Thus, an iso-
structural ZIF-8 sample was synthesized solvothermally (ZIF-8-
SV) having a very similar surface area and pore volume to ZIF-
8-SP and its catalytic performance and acidic/basic properties
were investigated.
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Figure 4. Proposed mechanism for the ring-opening cyclodimerization of epichlorohydrin.
Effect of Synthesis Procedure on the Defects and Yield
ZIF-8 synthesized by the solvothermal (SV) method was used
as a catalyst under the optimum reaction conditions (140 °C,
20 h; Table 1). The results showed that the catalytic activity of
ZIF-8-SV was much lower than that of ZIF-8-SP. To determine
the reason for such a large difference in the catalytic activity
between the two isostructural ZIF-8 samples, their textural
properties were analyzed and compared. It turned out that the
type of synthetic procedure influences the structure, morphol-
ogy, and textural properties, such as particle shape, size, surface
area, gas adsorption, and defects, of the catalyst. Table S2-5 in
the Supporting Information reveals that properties such as the
surface area and pore volume are similar for the two ZIF-8 sam-
ples. This indicates that the difference in their catalytic perform-
ance in the ring-opening dimerization of epichlorohydrin may
be attributed to the acidic/basic properties not only on the
surface but also at the defects.
It is known that the defects in solid materials influence their
physicochemical properties.[38,39] Additionally, it has been re-
ported that defects in MOFs could also affect the catalytic activ-
ity because more vacancies (defects) would result in more
acidic and basic sites.[40] As described in the previous section,
both the Lewis acids (ZnII) and uncoordinated nitrogen atoms
of the imidazole ligand are active sites for the cyclodimerization
reaction. Not only in this study, but also in other catalytic appli-
cations of MOFs, it has been illustrated that the acidic and/or
basic sites of MOFs are the active sites in catalytic reac-
tions.[21,41,42] Therefore we obtained the NH3 and CO2 TPD pro-
files of ZIF-8-SP and ZIF-8-SV to determine whether there is any
correlation between the amount of active sites and their activity
as catalysts in the cyclodimerization reaction (Figure 5).
The amounts of acidic and basic sites in the different ZIF-8
catalysts were quantified and the results are reported in
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Figure 5. NH3 TPD (top) and CO2 TPD (bottom) profiles for the ZIF-8 samples.
Table S2-8-2, and Figure S2-8 in the Supporting Information.
The two ZIF-8 samples show very similar desorption behavior,
however, the integrated values of the peak areas are completely
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different. The analysis revealed that ZIF-8-SP has more than
twice the amount of acidic and basic sites compared with ZIF-
8-SV. These data may explain the difference observed in the
catalytic activity of the two ZIF-8 samples in the ring-opening
cyclodimerization of epichlorohydrin. Very recently, Kubarev
and Roeffaers[43] investigated the catalytic activity of ZIF-8 by
using super-resolution fluorescence microscopy. They proposed
that different ZIF-8 particle shapes have different surface chem-
istry. For example, the cubic morphology has a larger propor-
tion of faces and Zn–imidazolate bonds whereas rhombic do-
decahedra show chemical functionality predominantly on the
crystal edges. Hence, both the surface chemistry and defects
play a role in the reactivity of ZIF-8 as catalyst. On the other
hand, this information may prove that simply by changing the
synthetic methods, the crystallization rates of which are differ-
ent, one can significantly influence the defect formation and
also the surface chemistry. More specifically, it is reasoned that
the structural evolution of the crystals is affected by the prepa-
ration procedure and is different for the two methods (SV and
SP). In the spray-drying procedure, the crystal growth is en-
hanced by a short heating time and is very fast causing rapid
crystallization, which leads to the formation of more structural
defects, whereas in the solvothermal method, the crystal
growth is fairly slow. Hence, the crystallization rates associated
with the synthetic method impact the structure and defect for-
mation. Therefore by changing the synthetic method, the crys-
tal growth can be controlled, but the crystal frameworks remain
isostructural, as proven by XRD.
Although the two synthesized ZIF-8 samples have similar sur-
face areas and pore volumes, their particle sizes are completely
different, which can affect the accessibility of the reactant to
open Zn2+ sites. Therefore, to minimize this effect, another two
samples of ZIF-8 were synthesized by spray-drying and solvo-
Figure 6. SEM images of ZIF-8 crystals synthesized by solvothermal (left) and
spray-drying (right) methods to study the particle size.
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thermal methods using an additive (sodium formate) to obtain
similar properties, especially with respect to particle size (Fig-
ure 6).
The two ZIF-8 samples, with a size of approximately 6 μm,
were fully characterized and the results are summarized in Fig-
ure S3-1 and Table S3-3 in the Supporting Information. After-
wards, both samples were utilized as catalysts for the cyclodi-
merization of epichlorohydrin under the same reaction condi-
tions as described above. As the results in Table 1 demonstrate,
the reactivity of the ZIF-8-SV (6 μm) sample was slightly better
than that of the ZIF-8-SV (60 μm) sample, but its reactivity was
still much lower than that of the ZIF-8-SP sample. Hence, this
difference in reactivity cannot be attributed to only particle size
and diffusion issues. Thus, the higher activity of ZIF-8-SP, as was
discussed earlier, mainly depends on the amount of defects.
Recycling
Recyclability is an important feature of any catalyst and thus
this property was also investigated for the ZIF-8 catalyst. In the
test of its reusability, the catalyst was washed three times with
dichloromethane after the ring-opening cyclodimerization of
epoxide and recovered by centrifugation and dried under vac-
uum for 12 hours and reused. As the results in Table 1 show,
the catalytic activity of the recycled ZIF-8 is much reduced, as
evidenced by a yield of less than 20 % of the cyclodimerization
product. The XRD pattern of the reused ZIF-8 is presented in
Figure S4-1 in the Supporting Information and demonstrates
that the crystalline structure of ZIF-8 is partially lost. Moreover,
the recycled ZIF-8 was analyzed by SEM and XRD (see Fig-
ures S4-2 and S4-1, respectively). Similarly, for a different reac-
tion with the same substrate and catalyst (the conversion of
epoxide to cyclic carbonate by ZIF-8), reported by Carreon et
al.,[22a] the ZIF-8 crystalline framework was found to have col-
lapsed during the recycling test. The crystalline instability of
ZIF-8 might be a result of the high temperature and the poison-
ing/blocking of the active sites by dimer compounds, as sug-
gested first by Carreon and co-workers.[22a]
Conclusion
ZIF-8, synthesized by two different procedures (spray-drying
and solvothermal), has been used as a novel catalyst for the
direct synthesis of 2,5-bis(chloromethyl)-1,4-dioxane from epi-
chlorohydrin in the absence of co-catalyst and solvent. The ac-
tivity of ZIF-8 synthesized by spray-drying was much higher
than that of ZIF-8 synthesized by the solvothermal technique
even though the two ZIF-8 samples are isostructural with simi-
lar surface areas and pore volumes. The huge difference in their
catalytic performance has been correlated with the alteration
in their structural defects. The formation of defects was quanti-
fied by TPD analysis. The difference in the amounts of defects
originates from the alteration in the structure evolution and
rate of crystallization during their preparation.
We suppose that this study opens up a new prospective for
further investigations. First, the ring-opening dimerization of
epichlorohydrin provides a new field of research for oligomeri-
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zation and polymerization using MOFs as catalysts. Different
MOFs with different acidic and basic active sites may lead to
different products. We believe that, by changing the reaction
conditions, for example, the use of solvents or co-catalysts, the
generation of polymers and other industrially important oli-
gomers are possible. Secondly, this study clearly demonstrates
that the amount of structural defects should be taken more
into consideration, particularly with regard to MOF applications.
Moreover, it has been revealed that one of the easiest ways to
induce structural defects is through the use of different syn-
thetic methods having different crystallization rates. This will be
the focus of further investigations by our group.
Experimental Section
All the reagents used in this work were used without further purifi-
cation and ultrapure water was used.
Solvothermal Synthesis: Zn(NO3)·4H2O (0.42 g, 1.606 mmol; Merck
KGaA, AR) and 2-methylimidazole (0.12 g, 1.462 mmol; Sigma–
Aldrich, AR) were dissolved in DMF (32 mL; Aladdin, AR). The solu-
tion was transferred to a Teflon-lined stainless-steel autoclave
(35 mL) and heated in a programmable oven at a rate of 5 °C/min
to 140 °C and maintained at that temperature for 24 h. The light-
yellow solid product was separated from the mother liquor and
washed with DMF three times, immersed in methanol for 3 d, and
then dried at room temperature under vacuum for 12 h.
For the particle size study, 2-methylimidazole (0.73 mmol, 0.219 g)
and sodium formate (2.97 mmol, 0.202 g) were dissolved in MeOH
(15 mL), which was then transferred into a solution of Zn(NO3)·6H2O
(1.49 mmol, 0.122 g) in methanol (15 mL). The mixture was then
poured into a Teflon-lined steel autoclave and heated at 90 °C for
12 h. The synthesized product was collected by centrifugation,
washed with ethanol (3 × 20 mL), and dried at 100 °C under vac-
uum.
Spay-Drying Synthesis: ZIF-8-SP was synthesized by the spray-dry-
ing technique (AF-88 labs Spray dryer, AFIND Scientific instrument
CO., LTD.). A solution of zinc acetate (1.765 g, 8 mmol) in water
(25 mL) was mixed with a solution of 2-methylimodazolate (8 mmol,
066 g) in water (25 mL). After a few minutes a white suspension
was formed and used as feed for spray-drying applying a spray
nozzle of 8 mm at a feed rate of 300 mL/h, a flow rate of
160 m3/h, and an inlet temperature of 180 °C. The white powder
was collected and washed following a two-step centrifugation/re-
dispersion process with methanol three times. Finally, the wet prod-
uct was dried at room temperature under vacuum for 12 h. The
final product was collected and kept in a desiccator.
For the particle size study, Zn acetate (0.176 g, 0.8 mmol), sodium
formate (0.088 g, 1.3 mmol), and 2-methylimidazole (0.66 g,
8 mmol) were solubilized in a mixture of water and methanol (50:50,
50 mL). The spray-dry conditions (temperature, flow rate, and feed
rate) described above were used for the synthesis of ZIF-8-SP.
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